INTRODUCTION
Cyclin D1 is most closely linked to cell-cycle progression through G " phase and the commitment of cells to enter S phase. In mammalian cells, cyclin D1 binds to and activates its catalytic partner, cyclin-dependent kinase 4 (CDK4) [1] [2] [3] [4] [5] [6] [7] [8] , which helps to drive cells through G " , presumably through the phosphorylation of the retinoblastoma gene product (Rb) [2] [3] [4] 6, [9] [10] [11] [12] [13] [14] [15] [16] . Expression of cyclin D1 during G " phase is critical for this event, but is not required for continuation through the rest of the cell cycle [2, 3, 17] . Matsushime et al. [18] demonstrated the dependence of cyclin D1 expression on the presence of a growth factor, colonystimulating factor-1. Recent studies have focused on the ability of cyclin D1 to mediate G " progression following mitogenic stimuli [3, 19] . Overexpression of cyclin D1 shortens G " phase, suggesting that cyclin D1 levels have a role in progression through G " [2, 3, 11, 20, 21] . However, overexpression of cyclin D1 alone is not sufficient to transform cells, but instead may act in concert with the effects of other proto-oncogenes. The protooncogene ras has been identified with the transformation of murine fibroblasts, the resulting elevation of cyclin D1 levels and the subsequent acceleration of G " progression [22, 23] . The mechanism(s) responsible for the induction of cyclin D1 in response to mitogenic stimuli or its role in cellular transformation remain unclear.
Efforts have recently shifted towards the identification of the signalling pathways involved in the regulation of expression of G " cell-cycle proteins. Overexpression of Ras and mitogenAbbreviations used : CDK, cyclin-dependent kinase ; ERK, extracellular-signal-regulated kinase ; dnERK − , dominant-negative ERK ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase ; GST, glutathione S-transferase ; IL-1, interleukin-1 ; JNK, c-jun N-terminal kinase ; dnJNK − , dominantnegative JNK ; MAP kinase, mitogen-activated protein kinase ; MEK, MAP kinase kinase/ERK kinase ; PDGF, platelet-derived growth factor ; Rb, retinoblastoma gene product ; TMP, thrombin-mimicking peptide. 1 To whom correspondence should be addressed, at Department of Pharmacological and Physiological Sciences.
dramatic decrease in cyclin D1 protein and mRNA levels, concomitant with a decrease in cyclin D1-cyclin-dependent kinase activity. To investigate the importance of sustained ERK1 activation, ERK1 activity was blocked by the addition of PD98059 throughout G " . Addition of PD98059 up to 4 h after PDGF treatment decreased ERK1 activity to the levels found in growth-arrested IIC9 cells. Loss of cyclin D1 mRNA and protein expression was observed within 1 h after inhibition of the second sustained phase of ERK1 activity. Disruption of sustained ERK1 activity also resulted in G " growth arrest. These data provide evidence for a role for sustained ERK activity in controlling G " progression through positive regulation of the continued expression of cyclin D1, a protein known to positively regulate G " progression.
activated protein kinase (MAP kinase)\extracellular-signalregulated kinase (ERK) has been shown recently to stimulate cyclin D1 transcription in mink and human cell lines [24] . These studies provide evidence for a role for mitogen-induced intracellular signalling pathways in the regulation of cell-cycle proteins. A recent study by Lavoie et al. [19] demonstrated a positive regulation of cyclin D1 induction by thrombin-induced ERK activation. However, this regulation was limited to the initial activation of ERK. In the present study, we have focused on the role of platelet-derived growth factor (PDGF)-induced sustained ERK activity in the continued expression of cyclin D1 during G " . Vouret-Craviari et al. [25] demonstrated that addition of thrombin to quiescent CCL39 cells induced the biphasic activation of ERK. In contrast, a thrombin-mimicking peptide (TMP) stimulated a robust but transient increase in ERK activity [25] . While thrombin is a potent mitogen for CCL39 cells, TMP does not stimulate the growth of these cells. The observation that addition of TMP does not elicit the growth of CCL39 cells is striking, in view of the fact that TMP acts on the same receptor as thrombin and generates similar intracellular second messengers. Vouret-Craviari et al. [25] postulated that the sustained activation of ERK is essential for G " progression, but data linking sustained ERK activity to the machinery of the cell cycle has been lacking. Since cyclin D1 is thought to be a G " growth factor sensor [1] , we hypothesized that PDGF-induced sustained ERK activity may in fact be an integral component in the continued expression of cyclin D1. We investigated the importance of sustained ERK activation for growth and for the expression of steady-state mRNA and protein levels of the G " cyclin, cyclin D1. In the present paper we demonstrate that PDGF induces a rapid transient peak of ERK activity, followed by sustained activation for more than 5 h. Inhibition of ERK activation by pretreatment with a dominant-negative ERK (dnERK − ) or an inhibitor of MAP kinase kinase\ERK kinase 1 (MEK1) activation, PD98059, results in the loss of ERK activity and the subsequent inhibition of cyclin D1 expression. Although c-jun N-terminal kinase (JNK) is thought to be important in the mitogen-induced expression of cyclin D1 through the phosphorylation of c-jun, no study has demonstrated a definitive role for JNK in cyclin D1 expression. In the present study we show that JNK is not activated by PDGF, and that the presence of dominant-negative JNK (dnJNK − ) does not affect cyclin D1-CDK-associated activities. This is the first study to demonstrate the requirement of sustained ERK activity in the regulation of the continued expression of cyclin D1, a protein known to regulate mitogen-induced G " progression, and therefore provides new insights into the mechanism(s) involved in growth-factor-induced G " progression. 
MATERIALS AND METHODS

Cells and cell culture
Western blots
PDGF (10 ng\ml) was added to growth-arrested IIC9 cells in the presence or absence of PD98059. Cells were then harvested at 0, 2, 4, 8 and 24 h after addition of PDGF by scraping in cold PBS. Harvested cells were pelleted at 10 000 g for 5 min and then lysed and sonicated in 40 µl of solubilization buffer [25 mM Hepes, 300 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl # , 0.1 % (v\v) Triton X-100, 20 mM β-glycerophosphate, 0.1 mM sodium vanadate, 10 µg\ml aprotinin, 10 µg\ml leupeptin and 0.5 mM PMSF]. Protein concentrations of lysates were determined using a Bio-Rad (Hercules, CA, U.S.A.) Protein Assay, as recommended by manufacturer. Lysates\proteins (20 µg) were electrophoresed on SDS\12 %-polyacrylamide gels. Separated proteins were then transferred to PVDF membranes (Millipore, Boston, MA, U.S.A.). Membranes were probed with the respective primary antibodies against cyclin D1, CDK2 and CDK4 (Santa Cruz Biotechnology). Goat anti-rabbit IgG (heavy plus light chain)-horseradish peroxidase conjugate (Bio-Rad) was added as the secondary antibody, and specific protein bands were visualized using an ECL kit (Amersham, Arlington Heights, IL, U.S.A.), as recommended by the manufacturer.
Northern blots
Total RNA was isolated from IIC9 cells cultured on 100 mm dishes with TRIZOL Reagent (Gibco) using the manufacturer's protocol. RNA (25 µg) was electrophoresed on 2 % (w\v) agarose\formaldehyde gels. Formaldehyde was removed by washing the gels in 0.5 M ammonium acetate. RNA was transferred on to Hybond N + nylon membranes (Amersham) using the Turboblotter2 system (Schleicher & Schuell, Keene, NH, U.S.A.). RNA was cross-linked on to membranes using an Ultraviolet Crosslinker (Amersham) as recommended by the manufacturer. Transferred RNA was visualized using Methylene Blue\sodium acetate stain. Randomly [α-$#P]dCTP-labelled cDNA probes (murine cDNAs for cyclin D1 and CDK4 were generously donated by Dr. Charles Sherr, St. Jude, Memphis, TN) were made using a Random Primed DNA Labeling Kit (Boehringer Mannheim). Blots were probed simultaneously with cyclin D1 or CDK4 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for 1-2 h at 65 mC using Rapid-hyb buffer (Amersham), and washed once at room temperature with 5iSSPE (20 mM EDTA, 1 M NaCl, 50 mM NaH # PO % ,H # O)\ 0.1 % (w\v) SDS and once at 65 mC with 1iSSPE\0.1 % SDS. Membranes were then subjected to either autoradiography or direct quantification with a Phosphorimager2 (Molecular Dynamics). More stringent washes were carried out at 65 mC with 0.1 % SDS when necessary. 
Thymidine incorporation
ERK assay
Growth-arrested IIC9 cells were stimulated with mitogen at 37 mC. In those experiments in which PD98059 was used, cells were preincubated for 30 min with PD98059 (10 µM) before the addition of mitogen. After 15 min the medium was removed and the cells were washed with PBS. After stimulation, the cells were lysed by scraping into 300 µl of solubilization buffer (20 mM Tris\HCl, pH 8, 1 mM sodium vanadate, 10 % glycerol, 1 mM PMSF, 2 mM EDTA, 0.1 % Triton X-100, 50 mM β-glycerophosphate, 10 µg\ml aprotinin, 10 µg\ml leupeptin and 10 µg\ml pepstatin). The lysates were incubated at 4 mC for 30 min and then centrifuged for 5 min at 10 000 g. Anti-ERK1 antibody (2 µg) (Santa Cruz Biotechnology) was added to the lysate, followed by incubation with gentle rotation at 4 mC. After 5 h, Protein A-Sepharose was added, and the immune complexes were incubated overnight at 4 mC. ERK1 immune complexes were washed three times with fresh solubilization buffer, three times with LiCl buffer (0.5 M LiCl, 100 mM Tris, pH 7.6), and finally with assay buffer [20 mM Tris\HCl, pH 7.6, 1.5 mM EGTA, 50 mM β-glycerophosphate, 1 mM dithiothreitol and 0.03 % (w\v) Brij-35]. The ERK1 immune complexes were pelleted by centrifugation for 5 min at 10 000 g, and the pellets were resuspended in 30 µl of reaction buffer (20 mM Tris\HCl, pH 7.3, 10 mM MgCl # , 50 µM ATP). For the ERK assay, the immune complex was incubated for 45 min at 30 mC with 10 µg of myelin basic protein\sample and 5 µCi of [γ-$#P]ATP (Amersham). The reaction was stopped by the addition of 30 µl of 2i Laemmli sample buffer. The samples were boiled for 5 min and subjected to SDS\PAGE. The gels were dried and subjected to autoradiography. It should be noted that all ERK assays were performed using either anti-ERK1 or anti-ERK2 antibodies for immunoprecipitation of ERK complexes. Results of assays using ERK1-or ERK2-immunoprecipitating antibodies were undistinguishable, and are therefore reported for ERK1 only.
JNK assay
Growth-arrested IIC9 cells were washed twice with PBS and then lysed with ERK solubilization buffer (as described above). The lysates were incubated at 4 mC for 30 min, and insoluble material was pelleted by centrifugation at 10 000 g for 10 min. The supernatant was collected and assayed for protein concentration (Bio-Rad Protein Assay), and then mixed with 10 µg of glutathione S-transferase (GST)-c-jun fusion protein complexed to glutathione-Sepharose beads and incubated overnight at 4 mC with gentle rotation. c-jun-JNK complexes were centrifuged at 10000 g for 5 min at 4 mC and the supernatant discarded. cjun-JNK complexes were washed four times with HBIB buffer (20 mM Hepes, 50 mM NaCl, 0.1 mM EDTA, 2.5 mM MgCl # and 0.05 % Triton X-100) and resuspended in 30 µl of kinase buffer (20 mM Hepes, 2 mM dithiothreitol, 20 mM β-glycerophosphate, 20 mM p-nitrophenyl phosphate, 20 mM MgCl # , 0.1 mM sodium vanadate, 20 µM ATP and 5 µCi of [γ-$#P]ATP\sample). Samples were incubated at 30 mC with agitation. After 20 min the complexes were pelleted by centrifugation at 10 000 g, the supernatants discarded and the pellets washed twice with HBIB buffer. Pellets were resuspended in 2i Laemmli buffer, boiled for 3 min and centrifuged at 10 000 g. The resulting supernatants were electrophoresed on SDS\10 %-polyacrylamide gels. The gels were dried and subjected to autoradiography or phosphorimaging for quantitative analysis.
Cyclin D1-CDK assay
Cyclin D1-CDK activity was measured as described previously [1] , with modifications. Briefly, growth-arrested IIC9 cells were washed twice with PBS and lysed in 50 µl of IP buffer [50 mM Hepes, 150 mM NaCl, 0.1 mM sodium vanadate, 1 mM EDTA, 2.5 mM EGTA, 1 mM dithiothreitol, 10 mM β-glycerophosphate, 0.1 % (v\v) Tween 20, 10 % (v\v) glycerol, 1 mM PMSF, 10 µg\ml aprotinin, 10 µg\ml leupeptin and 10 µg\ml pepstatin], and sonicated briefly. Insoluble material was pelleted by centrifugation at 10 000 g for 10 min. Cyclin D1 or CDK4 complexes were immunoprecipitated and washed. Cyclin D1 or CDK4 immune complexes were then pelleted by centrifugation at 10 000 g for 5 min and resuspended in 30 µl of reaction buffer (50 mM Hepes, 10 mM MgCl # , 1 mM dithiothreitol, 2.5 mM EGTA, 10 mM β-glycerophosphate, 0.1 mM sodium vanadate and 20 µM ATP). The immune complexes were incubated with 2 µg\ml soluble GST-Rb fusion protein (Rb sequence encoding amino acids 379-928 inserted into the pGEX-2T plasmid was generously donated by Dr. Mark Ewen, Dana-Farber Cancer Institute, Boston, MA) and 5 µCi of [γ-$#P]ATP. The reaction was stopped by the addition of 15 µl of 2i Laemmli sample buffer. Samples were boiled for 5 min and subjected to SDS\ PAGE. Gels were dried and subjected to autoradiography.
RESULTS
PDGF induces the sustained activation of ERK in IIC9 cells
Previous studies have shown that constitutively active MEK1 results in the transformation of several cell types. Other studies have demonstrated the activation of MEK1 and ERK1 by PDGF [27, 28] . It has been postulated recently that both the ERK and JNK pathways play a key role in up-regulating initial cyclin D1 transcription [24] . To characterize the signalling pathways involved in the PDGF-stimulated growth of IIC9 cells, we measured the activities of ERK and JNK. Addition of PDGF to growth-arrested IIC9 cells stimulated a biphasic increase in ERK1 activity (Figure 1 ). ERK1 activation was maximal (10-16-fold) by 15-30 min after stimulation with PDGF (Table 1) , and persisted at lower levels for approx. 15 h (Figure 1) . However, PDGF failed to activate JNK (results not shown), indicating
Figure 1 PDGF induces sustained activation of ERK
Growth-arrested IIC9 cells were harvested at 0, 0.25, 1, 2, 4, 6, 8, 12, 14 and 24 h after stimulation with PDGF (10 ng/ml) by scraping them into cold lysis buffer. ERK1 complexes were immunoprecipitated and assayed for their ability to phosphorylate myelin basic protein, as described in the Materials and methods section. Similar results were obtained in four separate experiments.
Table 1 Effects of PD98059 and dnERK − on ERK1 activity
Growth-arrested IIC9 cells were incubated in the absence or presence of 10 µM PD98059 or transfected with dnERK − and then stimulated for 15 min with PDGF (10 ng/ml). Cells were solubilized and lysates (150 µg) were assayed for ERK1 activity, based on their ability to phosphorylate soluble myelin basic protein, as described in the Materials and methods section. Results are meanspS.D. from four independent experiments. Significance of differences from control PDGF response : *P 0.05. 
PD98059 and dnERK − inhibit initial ERK1 activity
Alessi et al. [29] have recently characterized a novel selective inhibitor of MEK1 activation, PD98059, that significantly inhibits PDGF-induced MEK1 and ERK1 activity, but not JNK or cyclin-CDK activity, in Swiss 3T3 cells [29] . Pretreatment of IIC9 cells with 10 µM PD98059 decreased PDGF-stimulated ERK1 activity to below the levels in resting cells (Table 1) . IIC9 cells transfected with dnERK − also displayed significantly reduced PDGF-stimulated ERK1 (Table 1 ) and ERK2 (results not shown) activity. As expected, PD98059 did not affect IL-1-or serum-stimulated JNK activity (results not shown).
PDGF-induced growth requires initial ERK activation
PDGF is a potent growth factor in several cell types, and is capable of stimulating cell-cycle progression in quiescent cells. To establish that PDGF is a potent mitogen in IIC9 cells, we compared the mitogenic potency of PDGF with that of serum. Addition of serum to quiescent IIC9 cells resulted in a 10-fold increase in [$H]thymidine incorporation compared with control cells (Table 2 ). Maximal levels of [$H]thymidine incorporation with PDGF were 60-70 % of the levels seen with serum ( Table 2) . Epidermal growth factor and thrombin also stimulated DNA synthesis (results not shown), with maximal levels of approx. 60-70 % of that observed with PDGF. These data demonstrate that PDGF is a potent mitogen for IIC9 cells. To demonstrate the effects of PD98059 and dnERK − on IIC9 cell growth in response to PDGF, PDGF-induced [$H]thymidine incorporation and cell number were examined. Pretreatment of IIC9 cells with PD98059 or transfection with dnERK − markedly inhibited PDGF-induced DNA synthesis (Table 2 ) and proliferation (results not shown). However, PD98059 inhibited serum-induced DNA synthesis by only 45-50 % ( Table 2 ). These data indicate that inhibition of PDGF-stimulated ERK1 activation blocks the PDGF-dependent re-entry of IIC9 cells into the cell cycle. Sustained extracellular-signal-regulated kinase activity and cyclin D1 expression
Figure 3 PDGF and PD98059 do not induce changes in cyclin D1-associated CDKs
Growth-arrested IIC9 cells preincubated in the absence (k) or presence (j) of 10 µM PD98059 were harvested at 0, 2, 4, 8 and 24 h after the addition of PDGF (10 ng/ml), or 24 h after the addition of serum, by scraping them into cold PBS, and then lysed. Lysates/proteins (15 µg) were electrophoresed on SDS/10 %-polyacrylamide gels and immunoblotted with a polyclonal anti-CDK4 (A) or anti-CDK2 (B) antibody. Similar results were obtained in three separate experiments. Abbreviation : kD, kDa.
Initial up-regulation of cyclin D1 expression by PDGF requires ERK activation
To correlate PDGF-stimulated growth with cell-cycle progression, we measured the levels of several cell-cycle proteins. Cyclin D1 has been shown to be a necessary component for progression through G " phase and for the commitment of cells to replicate their DNA [2, 3] . Its expression is induced early in G " in response to growth factor stimulation [2, 3, 19] , and its overexpression is responsible for the shortening of G " phase [11, 18, 20, 21] . These findings made cyclin D1 an ideal candidate for a PDGF-induced gene in IIC9 cells.
Low levels of cyclin D1 were observed in growth-arrested IIC9 cells (Figure 2A ). Upon addition of PDGF, cyclin D1 protein levels increased 5-fold within 4 h (Figure 2A ). The induction of cyclin D1 was maximal (6.5-fold) by 8 h and remained elevated for 24 h. Treatment of IIC9 cells with serum increased cyclin D1 levels 10-fold by 24 h (Figure 2A ), but IL-1 was unable to stimulate an increase in cyclin D1 protein expression (results not shown). Northern blot analysis showed a time-dependent increase in the steady-state level of cyclin D1 mRNA that correlated well with the time course for cyclin D1 protein up-regulation. Cyclin D1 mRNA reached a maximal 5-fold increase by 4 h, and remained at approx. 3-4-fold above quiescent levels for 24 h ( Figure 2C ). In contrast with cyclin D1, the protein levels of CDK4 ( Figure 3A ) and CDK2 ( Figure 3B ), which associate independently with D cyclins to form active cyclin-CDK complexes [1-6], were not affected by the addition of PDGF.
C
Figure 4 ERK1, but not JNK, activity is required for PDGF-induced cyclin D1-CDK activity
Growth-arrested IIC9 cells preincubated in the absence (A) or presence (B) of 10 µM PD98059, or transfected with dnERK − or dnJNK − (C), were harvested at 0, 4, 8 and 24 h after the addition of PDGF (10 ng/ml), or 24 h after the addition of serum, by scraping them into cold PBS, and then lysed in 50 µl of IP buffer (see theMaterials and methods section). Cyclin D1 complexes were immunoprecipitated and their activity was assayed based on their ability to phosphorylate GST-Rb, as described in the Materials and methods section, In (B), SER indicates the presence of serum and WT24 indicates IIC9 cells stimulated with PDGF in the absence of PD98059 for 24 h. Similar results were obtained in three separate experiments. In (C), WT is wild-type (nontransfected).
Although recent data have suggested the presence of an ERKresponsive region on the cyclin D1 promoter, there has been a lack of evidence linking mitogen-induced ERK activity to the control of cell-cycle protein expression. Our results demonstrate a requirement for ERK1 activity for the up-regulation of cyclin D1 protein and mRNA levels following PDGF stimulation by two methods : the use of a selective inhibitor of MEK1 activation and of dnERK − . PD98059 and dnERK − did not significantly inhibit basal cyclin D1 protein (Figures 2A and 2B ) or mRNA ( Figure 2D ) expression in growth-arrested IIC9 cells, as expected. Treatment of IIC9 cells with PD98059 or dnERK − markedly reduced and completely blocked cyclin D1 protein levels by 2 h (Figure 2A ) and 4-24 h (Figures 2A and 2B) respectively after PDGF addition. PDGF-induced increases in steady-state cyclin D1 mRNA levels were inhibited similarly by pretreatment of IIC9 cells with PD98059 ( Figure 2D ). The inhibition of PDGF- Table 3 PD98059 inhibits sustained ERK1 activity Growth-arrested IIC9 cells were stimulated with 10 ng/ml PDGF and treated with PD98059 (10 µM) at 0.5, 1, 2 and 3 h after stimulation. Cells were harvested 30 min after treatment with PD98059 by scraping them into cold lysis buffer. ERK1 complexes were immunoprecipitated and assayed for their activity, as described in the Materials and methods section. Values represent meanspS.D. from three independent experiments. Significance of differences from control PDGF response : *P 0.05 ; **P 0.01.
Increase in ERK1 activity (fold)
Time (h) PDGF PDGFjPD98059 0.5 13.6p1.4 1.6p0.7** 1 8.1p1.1 2.2p1.6* 2 7.8p1.9 1.7p0.9* 3 7.4p0.2 1.0p0.5** induced mRNA expression ranged from 75 to 85 %. In contrast with cyclin D1, CDK4 protein levels ( Figure 3A ) and mRNA levels (results not shown) were unchanged in the presence of PD98059. These results suggest that, in IIC9 cells, initial ERK1 activity is required for the increased expression of cyclin D1, a protein known to regulate G " progression, but not by the CDKs associated with cyclin D1.
ERK1, but not JNK, activity is required for PDGF-induced cyclin D1-CDK activity
To further demonstrate the correlation between ERK1 activity, cyclin D1 regulation and G " progression, we examined the activity of cyclin D1-CDK complexes in the presence or absence of ERK1 activity. Growth-arrested IIC9 cells displayed minimal cyclin D1-immunoprecipitatable cyclin D1-CDK activity, whereas addition of PDGF induced a 5-fold increase in activity by 4 h (Figures 4A and 4C) . Cyclin D1-CDK activity increased to a maximum level (6.7-fold) by 24 h after addition of PDGF or serum ( Figures 4A and 4C) . Pretreatment of IIC9 cells with PD98059 completely inhibited PDGF-induced cyclin D1-CDK activity by 2 h and sustained basal activity for 24 h (Figures 4B  and 4C ). PDGF-induced cyclin D1-CDK activity was also completely inhibited by dnERK1 − for 24 h ( Figure 4C ). Seruminduced cyclin D1-CDK activity was inhibited 60-70 % by PD98059 ( Figure 4B ). However, PDGF-induced cyclin D1-CDK activity was not inhibited by dnJNK − (Figure 4C) . Cyclin D1-CDK activity was increased 4-fold by 4 h after addition of PDGF, and remained at maximal levels for 24 h ( Figure 4C ). Similar results were obtained using CDK4-immunoprecipitated cyclin-CDK4 activities (results not shown).
Sustained activation of ERK is required for cell growth and the continued G 1 expression of cyclin D1
PD98059 was added at various times (0.5, 1, 2 and 4 h after PDGF addition) after the initial PDGF-induced peak increase in ERK activity. These times were chosen because we have found that IIC9 cells require the continued presence of mitogen for at least 6 h to progress into S phase (results not shown). Addition of PD98059 to PDGF-treated IIC9 cells resulted in a significant decrease in PDGF-induced ERK activity within 30 min (Table  3) . Treatment of PDGF-stimulated IIC9 cells with PD98059 (0.5-6 h after PDGF), therefore, did not block the initial burst of ERK activity, only its sustained activation. The inhibition of sustained ERK activation occurring after stimulation with PDGF also resulted in an inhibition of growth. Growth-arrested IIC9 cells stimulated with PDGF entered S phase within 20 h. When sustained ERK activity was inhibited by addition of PD98059 (0.5, 1 or 4 h after PDGF), cells arrested (Table 4 ). However, ERK activity was not required for PDGFinduced growth once cells had neared or entered S phase (16-20 h) ( Table 4) .
Since we and others have shown that inhibition of initial ERK activation blocks cyclin D1 expression, we hypothesized that the sustained activation of ERK1 in G " phase may be critical for the continued expression of cyclin D1. We next examined whether inhibition of sustained activation blocked the continued expression of cyclin D1 mRNA and protein. Addition of PD98059 (1, 2, 4 or 6 h after PDGF) resulted in a significant decrease (5-7-fold) in cyclin D1 protein ( Figure 5A ) and mRNA ( Figure 5B ) expression by 10 h after the initial stimulation with PDGF. The continued expression of cyclin D1 protein and mRNA consistently was decreased 5-7-fold after the inhibition of sustained ERK activity when compared with uninhibited cells, demonstrating a requirement for sustained ERK1 activation throughout G " phase for the positive regulation of the G " cyclin, cyclin D1.
DISCUSSION
Until recently, it was unclear how growth factors might influence the progression of cells through the cell cycle. Recent observations have provided evidence for a requirement of the continued presence of growth factors for the entry of quiescent cells into G " phase and their accelerated progression through the G " \S boundary [2, 3, 18] . The focus has now shifted to the proteins thought to be responsible for G " progression, mainly the CDKs and the D and E cyclins that regulate their activity. Several human tumour cell lines express high levels of cyclin D1, leading to a correlation between transformation and deregulation of cyclin D1 expression. Understanding the mechanisms that control the expression and activity of this G " -associated protein and its catalytic partners is an important element in our understanding of the overall mechanism of mitogen-induced progression through G
" . Here we demonstrate that levels of CDK2 and CDK4 are unaffected by the PDGF-induced entry of quiescent IIC9 cells
Figure 5 Continued expression of cyclin D1 requires sustained ERK activation
Growth-arrested IIC9 cells were stimulated with PDGF (10 ng/ml) and treated with 10 µM PD98059 at 0, 1, 2, 4 and 6 h after stimulation. (A) Cells were harvested 10 h after stimulation with PDGF by scraping them into cold lysis buffer. Lysates/proteins (15 µg) were electrophoresed on SDS/10 %-polyacrylamide gels and immunoblotted with a polyclonal antibody against cyclin D1. Abbreviation : kD, kDa. (B) Cells were harvested using Trizol Reagent. RNA (20 µg) was electrophoresed on 2 % agarose/formaldehyde gels and transferred to Hybond N + nylon membranes. Membranes were probed with randomly [α-
32 P]dCTP-labelled murine cyclin D1 cDNA. Membranes were then stripped and re-probed with randomly [α-32 P]dCTP-labelled murine GAPDH to ensure equal RNA loading. Similar results were seen in three separate experiments.
into G "
and their progression into S phase ( Figures 3A and 3B ). In contrast, addition of PDGF to quiescent IIC9 cells resulted in significant increases in cyclin D1 protein and mRNA expression (Figures 2A and 2C ). While some reports have suggested that fluctuations in the levels of G " CDKs may be responsible for the control of G " progression [4, 9] , IIC9 cells did not display such regulation. Fluctuations in the levels of these proteins, therefore, seem to be cell-type-and stimulus-dependent. Our results indicate that, in IIC9 cells, PDGF induces increased levels of cyclin D1, and suggest that changes in the expression of cyclin D1 regulate entry into the cell cycle and progression to S phase through the time-dependent phosphorylation of Rb by active cyclin D1-CDK complexes ( Figures 4A and 4C) .
There has been a lack of understanding as to how growth factors and their signalling cascades regulate the machinery of the cell cycle. Here we show that PDGF stimulates the activation of ERK1 (Figure 1, Table 1 ), but not of JNK (results not shown). Addition of a MEK1 inhibitor, PD98059, which blocked the PDGF-induced increases in ERK1 activity at concentrations similar to those used by Alessi et al. [29] , inhibited the progression of IIC9 cells into S phase, as determined by [$H]thymidine incorporation ( Table 2) . It is clear from these data that ERK1 is essential for the mitogenic action of PDGF. Inhibition of initial ERK1 activity by PD98059 or dnERK − resulted in the elimination of cyclin D1 expression at the protein level (Figures 2A  and 2B) , and a dramatic down-regulation of mRNA levels ( Figure 2D) . Concomitant with the inhibition of ERK1 activity and cyclin D1 expression, cyclin D1-CDK activity was completely inhibited (Figures 4B and 4C) . However, inhibition of JNK activity by dnJNK − did not affect PDGF-induced cyclin D1-CDK activity (Figure 4C) , suggesting that the JNK pathway does not play a role in PDGF-induced cyclin D1-CDK activity in IIC9 cells. The mechanism of the decrease in cyclin D1 mRNA, however, is unclear. Our data show that the levels of G " CDKs are not affected by PDGF stimulation, and that these CDKs do not require the presence of ERK activity for their expression throughout the cell cycle ( Figures 3A and 3B ).
We and others have shown that mitogen-induced ERK activity is required for the initial expression of cyclin D1 in response to mitogen, and that some mitogens (thrombin and PDGF) stimulate sustained ERK activity (Figure 1) [19, 25] . Until now, a precise role for the sustained activation of ERK has remained unknown. Here we have shown that sustained ERK activity is required for the continued expression of cyclin D1 in G " . Inhibition of PDGF-stimulated ERK activity throughout G " by the addition of PD98059 resulted in a significant decrease in cyclin D1 protein and mRNA expression ( Figures 5A and 5B ) and subsequent growth arrest (Table 4) . Although the mechanism behind the loss of cyclin D1 protein and mRNA expression is unclear, it is consistent with other studies showing the rapid degradation of cyclin D1 protein upon removal of mitogen [18] . The inhibition of sustained activity may result in the loss of cyclin D1 transcription and the consequential rapid degradation of accumulated cyclin D1 protein. The influence of sustained ERK activity on growth was not seen after cells had neared or entered S phase ( Table 4 ), suggesting that the role of such sustained activity may be limited to the regulation of events in G " . We have provided evidence for the novel regulation of PDGFinduced G " progression through the control of cyclin D1 expression. We have demonstrated a need for ERK1 (but not JNK) activity in the initial up-regulation of cyclin D1 and subsequent cell growth. We have shown that ERK1 (but not JNK) activity is required for PDGF-induced cyclin D1-CDK activity, providing a necessary link between mitogen-induced signalling events and cell-cycle events leading to mitogen-induced progression through G " . How ERK1 exerts its control over cyclin D1 is unclear as yet, although preliminary results from our laboratory indicate that the activation, but not induction, of immediateearly genes by ERK1 is important for cyclin D1 up-regulation (J. D. Weber and J. J. Baldassare, unpublished work). This is the first study to suggest a role for the sustained activation of ERK. Our data show that the continued G " expression of cyclin D1 in the presence of mitogen requires the sustained activation of ERK1. Although we have shown that the sustained activation of ERK1 is required for G " progression, preliminary results from our laboratory indicate that it is not sufficient and that G " -mediated events (i.e. p27 KIP" degradation) are regulated by the combined activities of ras-dependent kinases (J. D. Weber and J. J. Baldassare, unpublished work). Therefore other upstream signalling molecules remain to be linked to the control of the cell cycle. Our data demonstrate a correlation between the sustained activation of ERK1, which is required for growth, and the continued expression of cyclin D1, a mitogeninduced G " protein known to be an integral component in the regulation of G " progression. This provides a physiological link between sustained activation of the ERK signalling pathway and the regulation of essential components of cell-cycle progression through G " .
